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ABSTRACT
This thesis describes the use of in-situ frequency 
dependent electromagnetic sensing (FDEMS) to select and 
control the processing properties of two epoxy resin systems 
during Resin Transfer Molding.
Chapter I reviews the chemistry of the epoxy systems 
studied. Chapter II highlights previous composite 
manufacturing methods and explains the RTM process used at 
William & Mary. In Chapter III the basic theory behind FDEMS 
is explained
Chapter IV contains the experimental work done with the 
Shell RSL-1282 system. This chapter illustrates how FDEMS can 
be used to aid the RTM operator in making processing 
decisions. Chapter V completes the study by demonstrating how 
FDEMS can close the processing loop and thereby automate the 
RTM process.
The objective of this thesis is to explain how FDEMS can 
be used as a direct means of monitoring the effects of time, 
temperature, vacuum and pressure (Chapter IV) . Also, this 
thesis explains how FDEMS has been developed to make 
independent, intelligent processing decisions, thereby 
automating the RTM process and removing the need for operator 
direction.
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DIELECTRIC SENSOR IN-SITU CONTROL OF THE RTM COMPOSITE
FABRICATION PROCESS
Chapter I
Background Chemistry of DGEBA and TGDDM resins
INTRODUCTION
An epoxy resin is any polymeric molecule that is formed 
by the polymerizaton of a monomer that contains one or more 
epoxy (or epoxide) groups:
R4\ /°\ ^ R1 
C — C
R3 r2
Ever since their introduction there has been a broad 
interest in this class of resins. This is a result of their 
wide range of physical properties that are the outcome of 
considerations such as backbone type (aliphatic, 
cycloaliphatic, aromatic, etc.), curing agent, curing 
temperature and degree of .crosslinking. These factors make it 
possible to control properties such as toughness, chemical 
resistance, flexibility and hardness, adhesive strength, and 
heat and electrical resistance. The uncured resins can come in 
a variety of forms ranging from low-viscosity liquids to 
solids. This variety of properties also contributes to the 
versatility of the resin during processing and allows the 
manufacturer a wide range of options in the work place. Of the 
135 metric tons sold in the United States in 1983, 45% was
2
3used in the form of protective coatings, and the remaining 55% 
was used in structural applications.1 The use of epoxy resins 
for structural applications, such as matrices in fiber 
reinforced plastics (=composites), has been on the rise since 
1973. There are two primary reasons for this. The first is the 
development of new forms of fiber, the most important being 
Kevlar and graphite fibers produced by the pyrolysis of 
polyacrylonitrile. The second phenomenon, which quickly 
followed, was the use of composites in the aircraft and space 
industry.1,2,3
HISTORY
In 1909 the Russian chemist Prileschajew discovered that 
olefins react with peroxybenzoic acid to yield epoxides.4 In 
1934 Schlack of I.G. Farbenindustrie AG in Germany applied for 
the first patent on the preparation of high-molecular-weight 
polyamines with epoxides containing more than one epoxy 
group.3 One of the materials discovered was a product of 
epichlorohydrin and Bisphenol A, which hardened with
Epichlorohydrin
Bisphenol A
equivalent amounts of amine. However, Schlack did not realize 
the full use of these resins as we know them today. In 1938 
Pierre Castan of Switzerland discovered that the diglycidyl
ether of Bisphenol A when cured with phthalic anhydride had 
excellent adhesive properties. Castan was primarily interested 
in using this property in dental applications. At 
approximately the same time an American, Sylvan Greenlee, 
applied for a patent using similar resins and the same process 
but achieving higher molecular weights.4 His primary directive 
was the preparation of a polyol for esterification with drying 
oil fatty acids for use in surface coatings. This proved to be 
a successful commercial endeavor (Devoe-Raynolds) and it was 
here that epoxy resins were first used in applications as we 
know them today.4
SYNTHESIS
Epoxides can be prepared by direct epoxidation of olefins 
by peracids:
or by reaction of compounds containing an active hydrogen with
r c h = c h r " + rI c o o o h RCH-CHR/  + RCOOH [1.1]
epichlorohydrin followed by dehydrohalogenation:6
RH + RCHgCHCHpi
OH
— HCI
[1.2]
RCH-CHCH-
2 \ / 2
5SHELL DEVELOPMENTAL RESIN RSL-1282
Development Resin RSL-1282-9420/EPON CURING AGENT 9470 is 
a Diglycidal Ether of Bisphenol A (DGEBA) epoxy resin and non- 
MDA(=methylene dianaline) aromatic amine system designed for 
the fabrication of high performance composite parts. The crude 
diglycidal ether of bisphenol A is the most important 
intermediate in epoxy resin technology. It is the product of 
the reaction of an excess of epichlorohydrin with bisphenol A 
to give an epoxy resin with a degree of polymerization close 
to zero (n=0.2):1
CH
NaCIC H2C H C H 2CI ♦ HO OH ♦ NaOH
CH
CHCH
O
CHCH n
DGEBA
Epichlorohydrin is synthesized by treating propylene with 
Cl2, followed by treatment with H0C1 and then 
dehydrochlorination by sodium hydroxide:1
CH,=CH C H X I ^2SJ-CICHXHCH2C I^ ^ £ !  CICH2CHCH2
I \/
OH o
[1.4]
6Bisphenol A is made by mixing 2 moles of phenol with 1 mole of 
acetone, in the presence of a strong acid catalyst:2
2 HO OH ♦ H20
[1.5]
In the synthesis of epoxy resins, the major and most 
convenient route involves the conversion of a substituted 
hydroxyl compound to an epoxide (as in the synthesis of 
epichlorohydrin) . Base is used as a catalyst in two 
independent steps. First base is used to form an alcoholate, 
which is a catalyst for the nucleophilic ring-opening of the 
epoxide group on the primary carbon of epichlorohydrin.1,7 Then 
base is used for the dehydrohalogenation of the halohydrin 
intermediate into an epoxide ring [1.9]:
CH
OH ♦ NaOH (cat. amnt.)
CH
CH
iCH2CHCH2CI
0‘ Na*
7CH,
NaOH R
CH W  OH
c - / O V ° CH2<rHCHjCI [1J]
OCHjCHCHjCI * NaOH (stoichiom.J
OCH
The rate-determining step is the conversion of the 
intermediate alcoholate ion to the epoxide [1.9].5 The overall 
reaction of a halohydrin with alkali to produce an epoxide is 
rapid and quantitative at low temperatures.
The expulsion of X~ from the substituted alcoholate ion, 
followed by the closing of the epoxide ring [1.9], is an 
intramolecular example of a conventional bimolecular 
displacement:
Y~ + RX =====► YR + X~
Y" acts as a nucleophile and displaces X* from RX.
8Dehydrohalogenation of a chlorohydrin with a base is the most 
common reaction. But substituents other than chlorine have 
proven to be equally effective.5
The DGEBA resin designated as RSL-1282 is a styrene 
diluted multifunctional epoxy. Because the resin is a 
proprietary resin it is not known to our laboratory what the 
multifunctional epoxy and the reactive monomer may be. What is 
known is that the neat resin system has low viscosity at room 
temperature, a long working life, and a moderate cure rate, 
and that it provides excellent wetout of glass, carbon and 
Aramid reinforcements. The stoichiometric mix ratio of the 
resin to the curing agent is 100/32.4.7
HERCULES EPOXY RESIN 3501-6
Hercules 3 501 resin is an example of a diaminodiphenyl 
sulfone (DDS) cured tetraglycidyl-4,4'-diaminodiphenylmethane 
(TGDDM) epoxy with a boron trifluoride catalyst.9 It is the 
most common composite matrix utilized in high performance 
fibrous composites prepared from prepregs (the term prepreg 
refers to which have been preimpregnated with resin before 
being cut into the shape of the final part) . The structures of
the unreacted TGDDM epoxy and DDS monomer are shown below:
0 o
/  \ / \
CH2-CH-CH2N  ^ y C H 2-CH-CH2
n-<s > ^ h2-<I2>-m
c h , - c h - c h 3 /  \ c h , - c h - c h 2
\ / ? \ /  
o 0
Tetraglycidyl-4, A^iaminodiphenyt mathan® epoxy TG00M  
(liquid at 23°C)
9OI
h2 n-<J3>-s-<s>-nh2 
o
4, 4£>diaimnodiphanyl sulfona DOS 
(crystallina solid, mp 162*C)
Resin 3 501-6 is manufactured by the reaction of methylene 
dianiline with epichlorohydrin followed by an epoxidation step 
(Rxn 1.10).8 The epoxidation step is identical to the 
dehydrohalogenation step mentioned previously in the synthesis 
of DGEBA resins. As in any resin this neat resin will contain 
other components than just pure monomer. The most common 
additional components are the dimers plus oligomers of the 
TGDDM.
NH2
CH
/  \
4  c h 2c h c h 2c i
n h 2
OH
(c ic h 2c h c h 2) 2n
OH
2
4 NaOH
[1.10]
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CURING REACTIONS
The term "curing" is used to describe the process by 
which one or more kinds of reactants, i.e., an epoxide and a 
curing agent, are transformed from low-molecular-weight 
reactants into a highly crosslinked three-dimensional network. 
The network can be composed of epoxide alone or can be a 
combination of the epoxide and curing agent.
In the case where the network consists solely of epoxide 
the curing agent is defined as being catalytic. The curing 
agent simply functions as an initiator for epoxy resin 
homopolymerization. A coreactive curing agent acts as a 
comonomer in the polymerization process. The curing agent can 
react with the epoxy and pendent hydroxyl groups on the resin 
backbone by way of either anionic or cationic mechanisms. Both 
Shell 9420 and Hercules 3501-6 polymerize with coreactive 
curing agents.
A distinguishing feature of the chemistry of epoxy-resin 
curing is that the reaction involves the opening of a ring 
followed by the addition of reactants, symbolized as follows: 
X: + Y =^X:Y where X: and Y are the electron-donating and the 
electron-accepting species respectively. Under basic or 
neutral conditions, all ring-opening reactions are essentially 
similar and involve the attack of a nucleophile on one of the
11
epoxide carbon atoms. There is no doubt that the ring-opening 
reactions of epoxides take place by ionic mechanisms. The bond 
that is broken is the highly polar carbon-oxygen bond, which 
would be expected to break ionically; the reactions are 
carried out in polar solvents, such as the resin itself, and 
can be accelerated by adding polar reagents.6
Primary and secondary amines are the most widely used 
curing agents for epoxy resins, and for this reason they have 
been extensively studied. The only significant reaction that 
takes place is replacement of the amino hydrogens. The general 
form of these reactions can be described as:
Polvamines as curing agents
[1.11]
H2CH— r — ► r - n h c h 2c h  
S0  OH
+ CH,CH —R
’ f
r'
I [1.12]
r n c h 2c h
I
OH
There is no evidence of etherification, i.e., the reaction 
between the epoxide and the derived hydroxyl, catalyzed by the
12
tertiary amine. However, etherification has been demonstrated 
to occur when there is an excess of epoxide, or when the
Shell Epon curing agent 9470 is a non-MDA aromatic amine 
whose structure is unknown. The curing reaction with resin 
DPL-9420 will take the form illustrated in [1.11].
The curing agent used in 3501-6 is diaminodiphenyl 
sulphone(DDS) (structure shown previously). The amine-epoxide 
reaction is illustrated in reaction [1.14], with the potential 
sites for future cure reactions indicated by arrows. Further 
curing takes place via i) epoxide-hydroxyl and ii) secondary 
amine-epoxide reactions, as indicated in reactions [1.15].9
reaction temperature is high.6 In these cases the secondary
hydroxyl groups will add to the epoxide rings:
✓
[1.14]
Y
OH
RCH2
n h 2
13
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Chapter II
FABRICATION OF COMPOSITE PARTS 
INTRODUCTION
The technological demand for materials that exhibit 
physical characteristics which surpass those of metal alloys 
used currently has led to considerable research in the field 
of fiber reinforced resin matrix composites. The expansion of 
this field is primarily related to the many options that exist 
in both material and process selection. The high mechanical 
strengths, high moduli of elasticity, and low density of 
fibers produced from carbon, boron and glass in combination 
with resin matrices such as epoxies, polyesters and various 
other resin systems can produce a class of materials that can 
match or exceed the properties of novel metal alloys.1 Process 
technology plays an increasingly important role in meeting new 
expectations and demands. The success of automating the 
manufacturing process is crucial if the requirements of future 
industry, in terms of production rate, production cost and 
start-up costs, are to be met.
15
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PREVIOUS MANUFACTURING METHODS
The following group of processes has been the more widely 
used in the composite industry:1
1. Contact Molding or Hand Lav-up: A typical lay-up will
consist of the dry fibers being cut into the shape of the mold 
and then placed into the mold (which is coated with a release 
agent). This first layer is then saturated with resin by brush 
or paint roller. Next another dry reinforcement is laid up, 
rolled onto the previous layer by using a pressure roller, 
saturated with resin etc. This process is continued until all 
reinforcements have been laid up and all resin has been added. 
Rolling or wiping to remove as much air as possible completes 
the lay-up process. The curing temperature will typically be 
at room temperature, but if more stringent requirements need 
to be met, the cure can also take place in a large oven.
Although this process is labor intensive, requires a 
great deal of operator skill , and is only suited for low 
production rates, it remains the most widely used process 
because it continues to be the least expensive.
2.Sorav Molding: This process is not often utilized, but can 
be useful when dealing with complex shapes. The basic concept 
behind this process is spraying a mixture of chopped fiber and 
resin onto the tool, rolling out the air , and then curing at 
the desired temperature. A specialized spray gun is used, 
which chops the fibers and mixes them with the resin at the
17
appropriate ratio.
3.Preimpregnated Molding: A prepreg is a dry fiber which has 
been impregnated with a given amount of resin and then 
partially pre-cured. Prepregs come in the form of rolls or 
large sheets and must be cut and shaped according to the 
dimensions of the final part. The preimpregnation process has 
been automated to improve the reproducibility of the fiber-to- 
resin ratio (fig 2.1).
Hoatodzone •
Tension rolls
(2 )
C Zzzzz/zz z z z z i
oi m,— s<5ueeze
w V V iy  . ro ils
.  R oll of 
dry fabric
P o lye th y le n e
separator
FIGURE 2.1 (reproduced from ref. 1)
Prepregs can be used in vacuum bag molding and autoclave 
molding. In vacuum bag molding the prepreg is cut to the 
desired size, placed in a mold and then sealed by a vacuum 
bag. A vacuum is then drawn by a pump which draws out any
18
excess resin or air present. The part is then cured at the 
desired temperature in an oven, press or autoclave.1
The real problem with the mentioned processes is that 
they all are two or three step processes and require a great 
deal of operator assistance and skill. The need for a one step 
automated process is therefore essential if composite parts 
are truly going to make a large scale impact on the 
manufacture of such products as automobiles and aircraft.. 
Resin Transfer Molding combined with dielectric measurements 
can provide that possibility.
RESIN TRANSFER MOLDING 
Industrial Resin Transfer Molding
Resin transfer molding (RTM) is a closed-mold process in 
which a preplaced, dry reinforcement preform is impregnated 
with a liquid resin in an injection or transfer process. The 
typical process used in industry today can be represented by 
figure 2.2. A preform of reinforcement fibers (glass, carbon, 
graphite etc.) enters the process as a flat sheet and is 
formed into the needed three dimensional shape by means of a 
shaping die. This preform is then placed into the mold, the 
mold is closed and a resin system is then pushed onto the mold 
through a runner system. Any excess air is driven out of the
19
mold by the resin front. Once that step is completed the mold 
is closed and the resin cure cycle can begin.2
PRECUT MATERIAL
G L A S S  P R EFO R M
E P O X Y  -  
SH APIN G  OIE
H E ATE D  S T E E L /A L U M IN U M  OIE
FIGURE 2.2 (reproduced from ref.2)
Resin transfer molding offers the advantages of a one- 
step cure and impregnation process, while at the same time 
offering further opportunities for automation in the future.
RTM Procedure at William & Marv and NASA LARC
The primary difference between the RTM procedure 
described above and the technique used at William & Mary (and 
NASA) is that the resin is preplaced into the mold before it 
is closed and thus does not require the use of a resin pump.
20
The lay-up process is as follows:
1.Fabric Preform Preparation
a) A utility knife is used to cut the AS4 12K Locked 
Stitched fiber into the shape of the mold (the mold plunger or 
tool plate is used as the pattern).
b) The initial weight of the fiber is recorded.
2. Resin preparation
a) Shell Developmental Resin 1282: Shell resin 1282 is 
mixed with Epon curing agent 9470 in a stoichiometric ratio of 
100/32.4 (immediately after removing them from the freezer). 
The final target matrix volume fraction is 43%. Therefore, an 
excess of 10 to 2 0% by mass is carefully weighed out and then 
poured into the bottom of the mold. This procedure is 
convenient for this resin system because both components are 
highly fluid at room temperature.
b)_ Hercules 3501-6: The resin is removed from the freezer 
and the estimated mass needed is weighed out. This sample is 
then crushed into small pieces (to increase surface area), 
placed in a Pyrex pan and put into a vacuum oven at 50-60°C. 
Full vacuum is applied in order to "degas" the resin. The 
degassing is necessary in order eliminate the formation of 
voids in the composite part. As the degassing is taking place 
large bubbles of volatiles come off(the resin expands in 
volume like making bread). Degassing is complete when the 
bubbling stops and the resin is a transparent film. This
21
procedure typically takes 3 0-45 minutes depending on the 
mass/surface area of the resin. The resin is then allowed to 
cool in the freezer. Unlike the Shell resin mentioned earlier, 
3501-6 is hard and brittle at this point. It is removed from 
the freezer, and the exact mass needed is carefully weighed. 
The pieces of resin are then placed into the mold, which is 
then pre-heated to 60°C to allow the resin to flow and conform 
to the shape of the mold. The entire mold is then placed in 
the freezer, and once it has cooled it is ready for further 
lay-up.
3.Mold Preparation and Preform Lavup Procedure
a) The mold is thoroughly coated with a release agent 
(=monocoat); see figure 2.3.
b) A sheet of release film with a large surface area, is 
placed inside the cavity.
c) A layer of bleeder ply with the desired number of 
Dielectric sensors and a matching number of thermocouples (see 
Chapter 3) are placed in the mold.
d) The resin to be used is poured or placed into the
mold.
e) The fiber preform is placed in the mold.
f) A layer of bleeder ply with Dielectric sensors and 
thermocouples is added.
g) A very thin strip of air dam is placed around the 
upper edge of the preform and the edge of the release film.
22
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h) The call plate (or "plunger") is placed into the mold, 
and Teflon coated fiberglass is placed on top of and around 
the mold (this will provide the pathway for an effective 
vacuum).
i) This setup is then sealed in a vacuum bag, connected 
to a vacuum pump and placed in a Carver press. The Dielecric 
sensors and thermocouples are then attached to the data 
acquisition hardware described in Chapter 3.
j) The setup is now ready to run in accordance with the 
specifications of the particular experiment.
4 .Hardware Used in William & Marv RTM
a) Vacuum is applied by means of a simple vacuum pump 
which is connected to the vacuum bag with a valve produced by 
Airtech Inc..
b) Pressure is applied by a Carver laboratory press. It 
is implemented by hand (through a hydraulic jack system) and 
is monitored by a simple pressure gauge, which measures the 
pressure in units of pounds. Knowing the surface area of the 
mold allows the operator to calculate the psi applied.
c) Temperature is also implemented through the Carver 
press. In this aspect the press is operated by two RFL 
Proportional Temperature Controllers (Model 76P-1), which in 
turn receive their voltage signals from a Metrabyte DAS 8 Data 
Acquisition and Control Interface board located in a Zenith 
386 computer. The computer controls the board by manually
24
inputting a decimal number (0-5000) , which is then converted 
to a corresponding voltage (0-5V) by means of a program (see 
Appendix A) . This voltage is then transmitted from the 
Metrabyte board to the RFL controller, which converts this 
initial voltage(0-5V) to a voltage (0-220V) which can heat the 
platens of the press to the desired temperature. Therefore, 
each decimal number input will correspond to a given 
temperature.
d) Dielectric and temperature measurements are made 
through the data acquisition hardware described in Chapter 3.
25
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Chapter III 
Frequency Dependent Electromagnetic Sensing
Frequency dependent electromagnetic sensing(FDEMS) 
provides a convenient, non-destructive method of monitoring 
the cure of polymer systems. Impedance measurements, made in 
the hertz to the megahertz region, are effective for 
intelligent decision making in the control of the cure cycle 
of complex resin systems. Impedance measurements are one of 
only a few instrumental techniques that have the ability to 
monitor polymerization in situ throughout the process of going 
from a monomer of varying viscosity to a highly cross-linked 
solid.1
POLARIZATION
Polarization can be defined as the separation of positive 
and negative charges within a molecule. A polar molecule has 
a permanent dipole moment and by definition it possesses 
regions of localized positive and negative charge which result 
from the electronic properties of the atoms that make up the
26
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molecule (the molecule as a unit is neutral). The dipole of 
charges +q and -q is separated by a distance of molecular 
dimensions, d, and has a dipole moment2, |J , which is 
defined as :
= q*d [3.1]
Polarization of a molecule can also be induced through 
the application of an electric field. The polarization effects 
acting on the molecule can be put into three categories:3
1. Electronic polarization, PE, which results from shifting 
electron clouds.
2. Atomic polarization, PA, which results from actual relative 
shifts in position by atoms in the field.
3. Dipole polarization, P0, which results from the orientation 
of the permanent dipoles in the field.
In non-polar molecules P0 will obviously be of no consequence, 
and only PE and PA will hold true. The total polarization of
a molecule in a field is additive:
PT = PE + PA +P0 [3.2]
PE and PA are based on the relative displacement of positive 
and negative charges within the molecule, and are often 
referred to as distortion polarizations.
If a dielectric material is placed in an alternating 
electric field the permanent dipoles, induced dipoles and the 
existing space charge present will attempt to align themselves 
relative to each field imposed. This reorientation is time 
dependent, and is a function of the additive contributions of
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PE, PA and P0. PE and PA will have very rapid alignment rates, 
because they match the frequencies of electronic and atomic 
modes of vibration, respectively. This is not the case when we 
are speaking of P0, because now we are dealing with thermal 
motions of molecular dipoles. If these dipoles are to reorient 
themselves they will need to overcome the resistive forces of 
their surrounding environment. The realignment in a new field 
might be delayed, depending on factors such as the size of the 
molecule and the viscosity of the surrounding environment. 
Therefore, the new equilibrium position could be reached after 
a relatively long period of time.
DIELECTRIC MEASUREMENTS
A simple parallel plate capacitor provides an excellent 
model in understanding impedance measurements. Capacitance is 
defined as:
C0 = Q/V [3.3]
The subscript o indicates that the measurement was made 
between two parallel plates in a vacuum, with no material 
between them. V is the amount of potential applied, and Q 
represents the amount of charge per unit area that the plates 
acquire as a result of V. C0 then is indicative of the ability 
of that particular condenser to store a given amount of charge 
as a function of the applied potential. If the volume between
29
the plates is filled with a material, the molecules of that 
material will be polarized by* the electric field, and the 
capacitor will then hold a combined charge (Q+P) per unit area 
at a given potential.
+0 -0
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FIGURE 3.1
The capacitance per unit area is increased to (P represents 
the polarized charge per unit area of the material):
C =.(Q+P)/V [3.4]
The relative permittivity of the material is defined as the
ratio of the capacitance of the condenser holding a dielectric
material to that of the same condenser in a vacuum:
e0 = C/C0 = (Q+P)/Q [3.5]
This permittivity is related to the total polarization and can 
be expressed in terms of polarization P produced by an applied 
field E:
e0 = 1 + 4tiP/gE [3.6]
where e is a constant which depends on units.4
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POLARIZABILITY
Polarizability(a) is defined as the average molecular 
polarized dipole moment induced by an electric field of unit 
strength.3 The field imposing the polarization upon the 
molecules will vary from the applied field as a result of the 
polarization of the surrounding dielectric medium and is 
designated as E 1. Every molecule in the field will be 
influenced and for a general case, m(=average polarized dipole 
moment) is proportional to E':
m = aTE' [3.7]
where the proportionality constant aT reflects the total 
polarizability of the molecule:
aT = aE + aA + a0 [3.8]
aE, aA and a0 are the electronic, atomic and dipolar 
contributions to the total polarizability, respectively(these 
correspond to the three polarization mechanisms mentioned in 
the previous section).
Suppose a unit volume of a material contains N molecules. 
Then the total polarized dipole moment per unit volume will 
equal the polarized charge density (P):
P = Nm [3.9]
Combining with Eq. [3.7]:
P = NaTE 1 [3.10]
If we substitute P in Eq. [3.10] back into Eq. [3.6]:
e0 = 1 + (47iNaTE')/(eE) [3.11]
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If we apply an alternating field to a parallel plate 
condenser containing a polar material both the distortion and 
the orientation of the molecules will change. When the 
frequency of the applied field is sufficiently low, all three 
types of polarizability can reach the value they would obtain 
in a steady field5 (fig. 3.2).
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FIGURE 3.2
At high frequencies the dipole orientation (a0) will not have 
enough time to reach its static field value due to factors 
discussed previously. The total polarizability at high 
frequencies is then:
aT = aE + aA [3.12]
The frequency at which the loss in orientation polarization 
occurs varies from the very low frequencies (on the order of 
100 Hz) for polymer chains, to 1010 to 1012 for small 
molecules.7 At frequencies comparable to the natural 
vibrational frequencies of-the atoms in the molecule, ccA fails
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to reach its static field equilibrium value. The loss of the 
electronic polarization, aE, occurs at even higher frequencies 
which correspond to the electronic transitions between the 
different energy states of the atom( the visible to x-ray 
region of the spectrum).2 Figure 3.3 illustrates the region of 
the spectrum which is used in dielectric characterization.
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EXPERIMENTAL THEORY1
When a material is placed between the plates of a 
capacitor, the impedance, Z, at a frequency f, is given by:
Z'1 = G + i2itfC [3.13]
Measurements of the capacitance, C, and the conductance (both 
dependent on sample geometry), G, are used to calculate the 
intensive geometry independent complex permittivity:
e* = e* - ie" [3.14]
Also:
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I = i27ifCV [3.15]
C = e*C0 [3.16]
Using Eq. [3.15], [3.16] and the following derivations we can 
define the behavior of the material between the plates of a
capacitor in terms of a resistor and a capacitor in
parallel4(figure 3.4).
© 1T .
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Substituting Equation [3.16] into Equation [3.15]:
I = i27ife*C0V 
I = i2f(e' - ie")C0V 
I = 27tfC0(e" + ie') V 
I = 27ifC0e"V + i27ifC0e * V [3.17]
The real portion is in-phase and the imaginary portion is out-
of-phase with the applied voltage. Using V = IZ, where Z is
the impedance(or total resistance) of the circuit, Equation 
[3.17] now gives:
Z'1 = (27ifC0e"V + i27ifC0e'V)/V 
Z'1 = 27tfC0e" + i27ifC0e 1
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[3.18]
Setting Eq. [3.13] and Eq. [3.18] equal:
27tfC0eu + i27tfCoel = G + i27tfC
2TtfC0e" - G + i2nfC0e ' - i27tfC [3.19]
Once we separate the real and imaginary parts of Equation 
[3.19] the dielectric components of e 1 and e" are revealed:
27ifC0e" - G = 0 i27ifC0e' - i2:ifC = 0
27ifC0e" = G i2ixfC0e ' = i27ifC
e" = G/C027rf e 1 = C/C0 [3.20]
The term e 1 is the dielectric permittivity and e" is the 
dielectric loss factor which arises from energy loss 
associated with the time-dependent orientation polarization 
and conduction.
The real and imaginary components of e* have both a 
dipolar and an ionic component:
e 1 = e 1 d + e '
e" = e"d + e",- [3.21]
The dipolar component results from the rotational 
diffusion of bound charge and molecular dipole moments. The 
frequency dependence of the dipolar component may be
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represented by the Cole-Davidson function:
e*d = (er - eu)/(l + i27tfx)B + eu [3.22]
where er and eu are the limiting low and high frequency values
of ed, x is the characteristic relaxation time, and 6 is the
Cole-Davidson distribution parameter (0</3<l) , which is a 
measure of the distribution in relaxation times. It is this 
dipolar component which dominates the dielectric output at 
high frequencies and in highly viscous media1.
On the other hand, the ionic component will dominate at 
low frequencies, low viscosities, and at times at high 
temperatures. The presence of mobile ions gives rise to 
localized layers of charge near the electrodes. Johnson and 
Cole5 derived empirical equations for the ionic contribution 
to e*:
<r • «
*i ‘ *u + 1 + (2*fr)» C3'23]
( e  -  € ) 2 ? r f r  „ . r ir
€i " 2:rf€ + 1 + (2xfr) 2
^ ----- [3.24]
where e0 is the permittivity of a vacuum (8.85*10'14 Farads/cm) 
and o is the conductivity (ohm* 1cm'1) , an intensive variable in 
contrast to the conductance G(ohm'1) , which is dependent on 
cell and sample size. The first term in Eq.[3.24] is due to 
the conductance of ions translating through the medium. The
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second term represents electrode polarization and makes 
impedance measurements increasingly difficult to use and 
interpret at frequencies below 10 Hz and/or for high values of 
o usually associated with a highly fluid resin state. 
Rearrangement of Eq. [3.24] yields:
<« - )((2*f)»r) C3-25]
‘I2irf - “7" + - i ♦ (2»f,)3-----
0
The second term becomes negligible when the following
inequality holds true:
(«P - «u)((2ir£),r)  ^ [3.26]
1 + (2*fr)J <<~TT
At frequencies where this condition is satisfied, the ionic 
conductivity(o) is related to the loss factor by the
expression6:
[3.27]
In order to avoid the difficulties associated with 
electrode polarization, frequencies are found for which these 
effects are indeed negligible. The frequency dependence of e* 
due to dipolar mobility is generally observed in the kHz to 
MHz regions. For this reason the Hz to MHz range is optimum 
for measuring both the ionic mobility parameter, o, and the 
dipolar mobility parameter, x1.
INTERPRETATION
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A plot of e"*27tf can be particularly useful when 
interpreting FDEMS data in the frequency region where 
electrode polarization is negligible. As derived from 
equations 3.21 -3.27, overlap of e"*27rf for differing
frequencies indicate that ionic translational diffusion is the 
dominant physical process affecting the loss term. Peaks in 
e"*2itf for individual frequencies indicates when dipolar 
rotational diffusion processes contribute to e".
As the resin goes from a fluid of low viscosity to a 
highly crosslinked solid, reaction onset will be marked by a 
sudden drop in de"/dt reflecting the decreasing mobility of 
the ions. After de"/dt has gone through its maximum the signal 
will no longer overlap, reflecting that the signal is no 
longer solely dominated by ionic translational diffusion, but 
is increasingly dominated by rotational diffusion of bound 
charge and molecular dipole moments. Reaction completion is 
reflected in the approach of deM/cit to zero.1
Previous work has indicated that the magnitude of the 
ionic mobility(o) and the rotational mobility of the dipole(x) 
depend on the extent of reaction and the physical state of the 
material. As such, o and x, determined from the frequency 
dependence of e**2nf, provide two molecular probes for 
monitoring the reaction advancement and the viscosity during 
cure.
38
INSTRUMENTATION
FDEMS measurements were made using a Hewlett-Packard 
4192A LF Impedance Analyzer controlled by a Zenith Data 
Systems 386 computer. Conductance and capacitance data were 
taken at frequencies ranging from 5 Hz to 1 MHz. These raw 
data were then converted to the complex permittivity using 
DekDyne Data Acquisition software for impedance measurements.
Dielectric measurements were made by a disposable, 
planar, geometry-independent microsensor patented by 
Kranbuehl. The sensor consists of a fine array of 
interdigitated electrodes (fig. 3.5) ? the substrate is composed 
of high-temperature materials; and the electrodes of noble 
metals. The sensor can withstand temperatures >400°C, 
pressures >1000 psi and oxidative effects during a given cure 
cycle. The sensor can continuously monitor the entire range 
(10'2-108) of both the real and imaginary components of the 
complex permittivity.
The high conductivity of the graphite fibers used in our 
RTM runs caused the micro sensor to short. Therefore there was 
a need to cover the sensor with materials which were less 
conductive than the graphite but which would allow the resin 
to reach the active side of the sensor. The active side of the 
sensor was covered by the following: 1. a layer of Teflon
coated fiberglass, 2. a G2 filter, 3. a bleeder ply, 4. a G4 
filter and finally a layer of fiberglass(see fig. 3.6). This
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combination prevented shorts from occurring while at the same 
time permitting the resin to penetrate through the layers and 
thereby allowing the sensor to make accurate dielectric 
measurements.
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Notes to Chapter III
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Chapter IV
Shell Resin Transfer Molding 
INTRODUCTION
Composite panels were fabricated by impregnating a 16-ply 
AS4 12k graphite fiber with Shell developmental resin RSL- 
12 82(see Chapter 1). The intention was to make the procedure 
a one-step process in which the resin was cured in the mold, 
while simultaneously impregnating the fiber with the resin. 
Cure of the resin was monitored in situ by FDEMS sensors 
(Chapter 3). The dielectric data had previously been 
correlated with rheological and thermal measurements, thereby 
giving the operators a direct in-situ means of monitoring the 
extent of cure (alpha) and viscosity during the cure cycle.
Earlier RTM panels had been successfully made with the 
identical fiber lay-up, but with Hercules 3501-6 resin. In 
these runs a pressure of 100 psi was applied at the onset of 
the cure cycle. At this point the viscosity of the 3501-6 went 
through a minimum of approximately 2 poise. From the previous 
rheological work done on the Shell epoxy resin, it was known 
that the Shell material went through a viscosity minimum lower 
than that of the 3501-6. The increase in fluidity posed a 
serious problem, because if the pressure were applied
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immediately the resin easily flowed out of the mold, resulting 
in significant resin loss and ultimately a "dry" composite 
panel.
In order to solve this problem, our laboratory proposed 
that we advance (pre-cure) the resin to a viscosity of 2 P, so 
that the flow properties would compare with those of a system 
which was known to give successfull results (3501-6). FDEMS 
provided an ideal technique to monitor this advance, once the 
FDEMS dielectric measurements had been calibrated with 
rheological data. Figure 4.1 is the rheological output for the 
Shell epoxy during a 90 °C isotherm. A time period of 160 min 
is required for the resin to reach a viscosity of 2 P. Figure 
4.2 is the dielectric data for a similar 90 °C isotherm. At 
t=160 min the value of log (e"w) =9E3 (at 5kHz). Using this 
information the resin could be advanced and monitored in situ. 
The resin would be advanced at an elevated temperature until 
the dielectric output reached log(eMw)=9E3 (at 5 kHz); then 
the advance would be stopped, and the standard 3501-6 vacuum- 
pressure protocol could be applied to the RTM process without 
the previous loss of resin.
EXPERIMENTAL WORK AT NASA LARC
Shell Advancement Runs
DE011088: This was the first attempt to pre-cure the
resin outside of the mold. A sample of the resin was mixed in 
the appropriate ratio and put into a Pyrex beaker (250 ml) . 
FDEMS was used to monitor the advance, and a type j 
thermocouple was immersed in the sample to monitor the actual 
temperature of the resin. The sample was placed into an oven, 
which was then heated to 100 °C. Figure 4.3 shows log(elfw) and 
temperature vs time. Figure 4.3 demonstrates that the advance 
was unsuccessful due to poor heat transfer into the resin. The 
poor heat transfer is partly displayed by the thermocouple 
output but is also clearly supported by the dielectric data 
taken. At approximately 60 min into the run the resin goes 
through the maximum of log(e"w) and this quantity then begins 
to drop steadily. The maximum indicates the point of maximum 
flow, or the viscosity minimum. The goal was to reach a 
log(e"w) value of 9E3 at 5 kHz, and it can be seen that the 
lack of heat transfer to the resin inhibited the resin 
advancing to this point within an acceptable time frame.
DE012289: The resin was mixed and placed in a container 
which was expected to improve the heat transfer to the resin. 
The beaker used in the previous run (DE011088) gave the resin 
a large mass-to-surface area ratio (it was approximately 3/4 
inch thick) . The pan used in this run reduced the mass-to- 
surface area ratio, thereby allowing better heat transfer to 
the resin (it was now 1/8-1/4 inch thick). As before, FDEMS 
and a thermocouple were used to monitor the advance in real­
time. Figure 4.4 shows the output for this advance and
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illustrates that the heat transfer problem was solved by 
changing the pre-cure vessel. The thermocouple shows an 
exotherm during the beginning of the pre-cure, but after 45 
min the temperature levels off at 100 °C. The point of maximum 
flow is reached 15 min into the cycle, after which the 
dielectric loss decreases to log(eMw)=9E3 at t=105 min. To 
confirm that our calibrated value of log(e"w)=9E3 actually 
correlates with a viscosity of 2 P at 100 °C, a comparison was 
made with rheological data from a 100 °C isotherm (fig. 4.5). 
Figure 4.5 indicates that at t=105 min (when log(e"w)=9E3) the 
viscosity was indeed 2 P, thus confirming FDEMS to be a 
successful means of monitoring the resin advance.
DE012589: The neat sample prepared in DE012289 was put 
through a standard composite cure cycle. The cure cycle 
consisted of temperature holds at 100 °C (30 min) , 117 °C, 149 
°C and 177 °C (all 60 min). The resin was cured successfully 
with the cure being complete at t=250 min at 177 °C (fig. 4.6) 
as indicated by (de"/dt) approaching zero. An unadvanced neat 
sample was run through the identical cure cycle to compare the 
effects of the advancement process on the actual cure cycle 
(fig. 4.7). The comparison of figures 4.6 and 4.7 shows the 
unadvanced resin to have a higher dielectric loss throughout 
the run indicating a lower viscosity and lower degree of cure. 
At 250 min the unadvanced resin shows significant residual 
cure as the slope of de"/dt indicates.
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One-Step Advancement and Cure
In order to make the process a true one step cycle the 
resin was advanced in the mold after infiltration and prior to 
the application of vacuum and pressure. Pressure was not to be 
applied until log(e"w)=9E3 (or conductivity=lE-7 @ 5 kHz) at 
100 °C.
DE050889: Unadvanced resin was placed in a 6x6 (inches) 
mold with a 16-ply graphite layup and one Dekdyne sensor on 
the bottom (fig. 4.8) and another on top (fig. 4.9). Vacuum 
was implemented from the onset, and a pressure of 100 psi was 
applied at 210 min during the 100 °C hold. The temperature was 
then ramped to 117 °C, 149 °C and 177 °C respectively. There 
was considerable loss of resin during the run and the final 
composite part was resin dry. The FDEMS data were in agreement 
with the previous observations. Figure 4.8 shows that when the 
pressure was applied at 210 min the conductance had not yet 
reached the target of IE-7. The resin was still too fluid, 
resulting in the considerable bleed (the fact that the 
pressure was applied too early is explained by the fact that 
the operators at NASA were uncomfortable waiting the needed 
time for the conductance to reach the desired value). Figure 
4.9 shows wet-out of the top dielectric sensor at 60 min and 
also verifies that the conductance never reached the desired 
pre-cure value before the pressure was put on. A temperature 
of 100 °C was considered too slow in the advance (>210 min), 
so 121 °C would be the next advance temperature.
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DE051189: The resin was mixed and put into a RTM layup 
identical to DE050889, which was then ramped to 121 °C. The 
higher temperature would result in higher flow, so a higher 
conductance value (=5E-7) was empirically chosen to end the 
advance and start the actual cure cycle. Figures 4.10, 4.11 
and 4.12 show the dielectric output at various points in the 
part. Both pressure and vacuum were applied at t=154 min. At 
18 0 min the temperature was raised to 149 °C and then to 177 
°C at t=260 min. The top front sensor (fig. 4.11) shows wet- 
out at approximately 60 min, while the top back sensor (fig. 
4.12) shows wet-out 15 min later. Resin loss was observed in 
the back of the part, resulting from a higher rate of flow 
than in the front. FDEMS confirms this by comparing figures 
4.11 and 4.12. In the front the point of maximum flow is 
reached at t=80 min (fig. 4.11), while maximum flow is not 
reached until t=110 min in the back (fig. 4.12). The back 
sensor also shows that the resin does not reach a 
conductance=le-7 @ 5 kHz until 216 min into the run, while 
fig. 4.12 indicates that the front passes through this point 
at t=175 min. Thus the sensor illustrates the increase in 
fluidity in the back and explains the loss of resin in the 
rear of the part. The final composite part was free of voids 
and showed no dry areas.
EXPERIMENTAL WORK AT WILLIAM & MARY
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As indicated by the heading, the location of the FDEMS 
experimental work was moved to William & Mary in order to give 
our laboratory a better opportunity to meet our goals and 
needs. The hardware used at William & Mary was described at 
the end of Chapter 2. The press control was engineered by D. 
Eichinger and this researcher. The FDEMS data acquisition 
software was supplied by Dekdyne Inc.
AW1008B8.9 The identical procedure as in DE051189 was to 
be used with the exception that the advance would not be 
stopped at conductance=5E-7, but rather at IE-7 @ 5 kHz as 
previously targeted in order to avoid the resin loss seen in 
DE051189. Figures 4.13 and 4.14 are the FDEMS output from this 
run. At 100 min vacuum was applied (log(e"w) =9E3 at 5 kHz) and 
at 107 minutes the initial pressure was started with 100 psi 
being reached at t=112 min. The part was then cured at 149 °C 
for 60 min and then brought to 177 °C for 50 min. Figure 4.14 
is the data from the sensor in the top of the part. Wet-out 
takes place at t=35 min and the rate of cure is more rapid at 
the top of the part. The increase in the rate of cure is 
explained by the temperature gradient between the bottom and 
the top platen of the press. The thermocouple output clearly 
illustrates- this gradient. In this case FDEMS proves to be a 
powerful tool in monitoring the consequences of this 
temperature effect of 7 °C by actually monitoring the
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processing properties. Figure 4.15 is a direct comparison of 
the top and bottom sensors at 500 Hz. The top FDEMS sensor has 
a higher viscosity throughout the run as indicated by the 
lower log(enw) data. The resin cures at a faster rate and is 
not allowed to impregnate the upper portion of the panel. The 
FDEMS sensor's data indications were confirmed by the fact 
that the final part had a significant dry area on the top.
AW103189: The press was rebuilt to allow precise
individual control of the top and bottom platens in order to 
correct the temperature gradient observed in the previous run 
(this is where we added a second RFL temperature controller). 
The resin was mixed as before and placed in an RTM mold. The 
temperature was ramped to 117 °C, but was not held there, as 
was the intention, due to difficulties with the computer 
temperature control of the press as can be seen from the 
thermocouple data in figures 4.16 and 4.17. Vacuum was applied 
at t=87 min and pressure at t=108 min. As can be seen in both 
graphs, both sensors experience "shorts" at the time when the 
pressure is applied. This is probably a result of graphite 
fiber (which is highly conductive) impregnating the protective 
filter around the sensor and short circuiting the capacitor. 
It is more important to note that the value of log(e"w) =9E3 at 
the time the pressure was put on and that even though the 
sensor shorted, the sensor did provide the key data in 
determining the point at which to apply pressure. Figure 4.17 
shows wet-out at t=4 0 min at the top sensor and provided the
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incentive to turn on the vacuum at t=87 min. Despite the 
initial temperature control problem and the short, an 
excellent composite panel was fabricated based on the 
available FDEMS data.
AW120589: A lOinch xl2inch mold was used here to make a 
composite part which could undergo mechanical stress tests. A 
new type-j thermocouple was used, which was much thinner, 
thereby improving the appearence of the final part. This 
change resulted in some initial problems in gathering the 
temperature data, but they were corrected 50 min into the run. 
In the meantime, temperature had been monitored using a 
handheld device. All other factors were identical to those in 
the previous runs (ramp cycle, mold layup etc.). Figures 4.18 
and 4.19 illustrate the data from the bottom and top sensor, 
respectively. Wet-out at the top of the part is at t=25 min; 
vacuum was initiated at t=62 min. Pressure (100 psi) was put 
on at 70 min when log(eMw)=9E3 (see fig. 4.18). The part was 
then put through the remaining Shell DGEBA cure cycle. The 
resulting composite was free of voids, and resin loss was 
minimal, with the final part being 36 wt% resin.
CONCLUSION
FDEMS is an ideal technique for in-situ monitoring of the 
crucial stages of resin transfer molding. It has been
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demonstrated that advancement of the resin system, wet-out of 
the top of the fiber, and temperature gradients can all be 
detected in situ, and be correlated with the physical state of 
the resin in terms of viscosity. Based on these data the 
operator can make intelligent judgments on items such as when 
to apply pressure and vacuum, and at what time the cure of the 
resin is complete.
FDEMS also provides the potential to eliminate the 
operator altogether by making the system a closed loop system, 
where the sensor makes decisions based on the real time data 
it is gathering.
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Chapter V
Closed Loop Control of Resin Transfer Molding
INTRODUCTION
FDEMS has proven to be effective in the monitoring of 
crucial steps in resin transfer molding(Chapter 4) with a 
given epoxy resin. However the true strength of FDEMS lies in 
its use to close the automation loop and make intelligent 
decisions with regard to the processing cycle. Using a logic 
code designed by this researcher, the FDEMS system now has the 
ability to control the temperature ramp cycle of the press 
based on the in-situ measurements of the dielectric sensor 
described in Chapter 3. The epoxy resin system used was 
Hercules 3501-6.
The subroutine of the main data acquisition program which 
determines the logic that controls the temperature output is 
called TEMPOUT. This subroutine was used with FDEMS software 
provided by Dekdyne Inc. , and a copy of the subroutine (called 
TEMPOUT; the main program was CNTEMP) can be found in Appendix 
B. Essentially the subroutine found in Appendix B is a smart 
version of the program listed in Appendix A. The difference is 
that a logic code outputs the temperature desired and the 
subroutine then translates that temperature to the
70
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corresponding decimal number which is then fed into the 
temperature control system outlined at the end of Chapter 2. 
The conversion from temperature takes place by means of a 
linear equation at the end of the subroutine. Each platen and 
temperature controller was calibrated individually, and the 
corresponding linear relationship was found for each.
THE LOGIC OF CNTEMP
TEMPOUT in this program consists of two loops designated 
by the counter "set". In order to maximize the probability of 
wet-out and complete impregnation of all the fibers by the 
matrix, the logic was designed to output that temperature 
which would keep the viscosity at a minimum until wet-out 
occurred and then cure the part as rapidly as possible. The 
length of the automated processing cycle would be kept at a 
minimum while resin impregnation of the complete part would be 
guaranteed. Viscosity minima correspond to maxima in the 
log(e"*27tf) signal(see Chapter 3) at a specific isotherm. Thus 
once the log(e"*27if) signal goes through a maximum at a given 
isotherm the temperature is increased to keep the viscosity as 
low as possible. At sufficiently low temperatures an increase 
in temperature will result in an increase in fluidity and 
therefore an increase in the log(e1*2nf) output.
Set=0:
a) The initial temperature output by the code is 100 °C.
b) 100 °C is output until one of the following conditions
72
are met: i) the sensor placed at the top of the dry fiber
shows wet-out or ii) the sensor placed at the bottom of the
mold(between the resin and the fiber preform) goes through a 
maximum at the 100 °C isotherm.
In .the case that i) takes place, the subroutine outputs 
the next recommended isotherm, 121 °C, and set is now set=2.
If ii) then a slow ramp to 121 °C is initiated
(approximately 0.5 °C/min) in order to increase the fluidity 
of the resin and raise the probability of wet out of the top 
sensor. If wet-out takes place during this ramp then condition
i) will be met. If wet-out does not take place then the 
temperature output will automatically reach 121 °C and set 
will be set=2.
Set=2:
a) The initial temperature is 121 °C by definition.
b) The temperature is held at 121 °C until e" has gone 
through a maximum. The subroutine defines the maximum as 
e2maxer.
c) The subroutine waits for e" to drop off a given 
amount(indicating that viscosity is increasing and the resin 
is curing), at which point the program will output the final 
hold temperature of 177 °C.
d) Once the part had been held at 177°C for 2 h the press 
was manually shut off.
Interrupt:
Also included in this initial subroutine was the ability
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to interrupt the logic code at any time and manually input the 
desired temperature. By pressing F6 the program asks the 
question "What temperature would you like to output?". The 
operator inputs the temperature desired. The program then asks 
"Would you like to interrupt the logic code?". If the input is 
"y" then the logic in TEMPOUT will, never be called upon again. 
If the answer is "n" then the program will continue calling 
the logic code after it has output the manually input 
temperature.
CNTEMP was run using a neat sample of resin in order to 
debug and make the subroutine more sophisticated and flexible 
without wasting RTM materials. Eventually test runs were 
performed and the subroutine was altered and debugged even 
further. Rather than go through each programming phase step by 
step and make this section needlessly complicated, the most 
recent version of the logic code(CNTEMP15) will be described. 
The changes that were made should speak for themselves. A copy 
of TEMPOUT in CNTEMP15 can be found in Appendix C.
THE LOGIC OF CNTEMP15
This subroutine now consists of eight different setpoints 
or stages in the logic code. At each setpoint the subroutine 
is "looking" for a specific event to take place, at which 
point it will proceed to the next setpoint.
Set=0:
a) The temperature output is 100 °C to start the initial
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ramp.
b) The code waits for the temperature of the RTM mold to 
be greater than 70 °C before it actually starts its decision 
making. This is done in order to guarantee wet 'out of the 
bottom FDEMS sensor. Before the resin(3501-6) reaches this 
temperature, it is not fluid enough to flow over the bottom 
sensor and thereby allow it to make correct readings. Once 70 
°C is reached, set=l and the logic is ready to proceed.
Set=l:
This section is similar to set<2 in CNTEMP. The logic 
waits for one of two things to happen. It either looks for i) 
the top sensor to detect wet-out or ii) the bottom sensor to 
indicate that it has gone through the point of maximum flow 
for the 100 °C isotherm.
i) Wet-out is detected by the top sensor when it goes 
from a low value of e" (an empty FDEMS sensor) to a much higher 
value, indicating the presence of a conductive medium, such as 
a fluid resin. For 5 kHz the output of log(e"*27if) of an empty 
sensor will be in the range from 1E3 to 1E4. When the sensor 
is covered by fluid 3501-6, the signal will jump to a value 
between 1E7 and 1E8. The wet-out criterion for the top sensor 
is that the signal goes through 1E5 and stay there for 4 
consecutive readings. If it does not stay there then the count 
will restart. If it does hold above 1E5, then set will equal 
2, and the ramp to 121 °C is initiated.
ii) If the top sensor has not detected wet-out, the code
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anticipates the bottom sensor to go through a point of maximum 
flow, as indicted by a peak in the e" signal. At that moment 
the peak is verified by reading 4 successive negative slopes 
in the e" signal. Once verified, the subroutine outputs a slow 
temperature ramp to 121 °C (0.5 °C/min) until 121 °C is reached 
or the top sensor wets out. Set is then set=2 and the program 
begins to output 121 °C.
Set=2:
a) The temperature output is 121 °C.
b) The code waits for the signal to go through a maximum
at 121 °C. It does so by calculating the slope of the
dielectric measurements. If the slope is -negative for four 
consecutive readings then the maximum is defined as the e" 
reading at the cycle where the slope was initially negative 
(the reading at cycle-4) . If at any time the slope is positive 
the numerical counter is reset to zero and the process starts 
over. Once the maximum is defined (termed e2max) then set=3 
and the temperature remains at 121 °C.
Set=3:
a) The initial temperature is 121 °C.
b) The subroutine looks for the value of e" to drop to
1/2 of the value defined as e2max. This drop was empirically 
picked in order to allow the resin to react before proceeding 
to the next hold temperature, and it will be subject to change 
in future research.
c) After the decline has been detected a ramp of 2 °C/min
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to 177 °C is started. In previous runs the ramp had been a 4-5 
°C/min ramp, but this resulted in an undesirable exotherm. 
Thus 2°C/min was chosen, based on the predictions of the Loos 
model of this resin system. As will be demonstrated, this ramp 
rate eliminated the exotherm. As.the ramp is begun set is now 
set=4.
Set=4:
a) This setpoint simply delays the next decision until 
the temperature of the part is greater than 17 0 °C.
Set=5;
a) This section defines the time at which the 177 °C hold 
begins and then puts set=6.
Set=6:
This setpoint determines when the run is to be turned 
off. The press will be shut down either after the 177 °C hold 
has lasted for 2 h or until the slope of the e" signal 
indicates that the resin is cured to a degree close to 1. The 
value of this slope was calculated by determining the value of 
the dielectric slope after the manufacturer's recommended cure 
cycle. The run will usually be shut down based on this 
judgment rather than holding the part at 177 °C for 2 h. Set 
is then put equal to 6.
Set=6:
The program outputs a temperature of 0 °C.
RTM CONTROLLED BY CNTEMP15
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AW091290: An RTM mold was assembled as described in Chapter 2. 
Sixteen plies of fiber were used with the top and bottom layer 
being AS4 12K graphite, while the intermediate layers were 
fiberglass (this was done to save graphite). Hercules 3501-6 
resin was degassed as outlined in Chapter 2. The initial mass 
of the fiber was 109.5 g; the initial mass of degassed resin 
was 111 g.
The setup was sealed, vacuum turned on, an initial 
pressure of 50 psi applied (which was then allowed to drift 
down) and CNTEMP15 initiated. Figures 5.1 through 5.4 are the 
FDEMS measurements made during this run. Figure 5.1 shows the 
output from the bottom sensor with an adjacent thermocouple. 
Figure 5.3 displays the measurement made by that same sensor, 
but the temperature output is that of the code of TEMPOUT in 
CNTEMP15. This output has been very useful in debugging the 
code, because it tells the researcher what kind of decisions 
the subroutine is making and at what point it is making those 
decisions. The bottom sensor wets out at t=35 min due to flow 
of 3501-6 over the sensor. At t=72 min the program defines a 
maximum during the 100 °C hold and initiates a slow ramp to 
121 °C. Four minutes later the program has verified wet out 
for the top sensor (fig. 5.2) and starts the ramp to 121 °C. 
The code then held the temperature at 121 °C and defined e2max 
at t=140 min. At that time 50 psi was applied, and the bottom 
sensor soon shorted, probably due to penetration of graphite 
fiber through the protective layers surrounding the sensor.
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The leads were switched to an alternate sensor which had been 
placed at the bottom of the setup. As the run continued, the 
signal had decreased by 1/2 at t=158 min and the ramp to 177 
°C was initiated. The temperature was kept at 177 °C until 
t=282 min. At that time the value of the e" slope had been 
within the specified limit for four successive cycles, and the 
temperature was turned off. The final part was free of dry 
areas and voids.
CONCLUSION
Guided by a simple logic code FDEMS has closed the 
decision loop and thereby formed an intelligent system. Other 
than initial preparation, the system is temperature-automated 
and has exhibited the ability to fabricate composite parts 
free of dry areas.
The logic code will need to be fine-tuned in the future. 
Areas where future research can focus are: the integration of 
the code with a viscosity and kinetic model designed by Dr. A. 
Loos, automation of the hydraulic pressure control and vacuum, 
and factors such as the time at which the system remains at 
121 °C before ramping to 177 °C.
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6 0 0 0 0  ’  EX.BAS:  Subrout ine? t o  o u t p u t  d a t a  t o  D/O' on DDA-06
60 01 0 ’ D = d a t a  ( r a n g e  0 - 4 0 9 3 ) ,  NC = c h a n n e l  ( 0 - 5 ) .  BASE = 1 / 0  address
add r  -  7bS v .
FOR i  = 1 TO 10 ’ . .
FOR C*/- = £ TO .3 ' •
PRINT "D FOR CHANNEL" C'A
‘ INPUT D ■
6 0 0 2 0  XH/- 
6 0 0 3 0  XL/. 
PRINT XL/. 
PRINT XH/. 
6 0 0 4 0
INTCD /  £ 5 6 )  
D • -  £ 5 5  *  XH)
• r-.-V:V
=r- t.*-
’ work o u t  h i g h  b y t e  
’ r e m a i n d e r  = low bvti
OUT a d d r  + ..(C/.  
6 0 0 5 0  OUT a d d r  
NEXT C 'A - 
NEXT i
2 ) ,  XL/- ’ w r i t e  low b y t e  t o  D/A
(C/- * £ ) + ! ,  XH/. .’ w r i t e  h i g h  b y t e  & l o a d  D/A
¥
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APPENDIX B
REM
REM
SUB TEMPOUT 
P.EM
REM t h i s  s u b r o u t i n e  d e t e r m i n e s  t h e  l o g i c  t h a t  w i l l  a l l o w  t h e  FDEMS
REM s e n s o r  t o  c o n t r o l  t h e  t e m p e r a t u r e  o u t p u t
REM
REM
REM . -
I F  i t e r r u p t *  = " Yu OR i n t e r r u p t *  = "y" THEN 60T0 n o . c o n t :
I F  s e t  = ' 2  THEN GOTO h i g h . t e m p :
I F  s e t  < 2  THEN
IF  count;'* = 1 THEN 
o u t t e m p  = 100 
GOTO c o n t :
END I F
I F  e 2 ( c o u n t * ,  2,  2)  > 127 THEN
o u t t e m p  = 121 
s e t  = 2 
GOTO c o n t :
'  END I F
* ’ I F  e 2 ( c o u n t * ,  2.  1) -  e 2 ( c o u n t *  — 1, 2,  1) < 0  THEN f l a g *  = f l a g *  + 1
r o m c o t a r t ) /
I F  .32 ( c o u n t *  -  1. 2.  1) -  e2  ( c o u n t * .  2. i )  ( 1 2 - 1 0  THEN
out  terna = 60 
GCTO c o n t :
e n d  i f
END I F  
c o n t :
PRINT " O u t t e m p = " ;  o u t t em p ;  "e2rnaxa “ ; eErnaxer;  " s e t  = " ;  s e t ;
WRITE # 1, o u t t e m p
addr ■ 768 
b(2) ■ -1300 
b<3> - -1695
I F  flaq* = 2 iHEN rampstart = run.time(count*. 1, 1)
IF flag* I 2 THEM
outtemp = 100 + ((run.time(count*, 1, 1) —
120)
IF o-.uttemo > 117 THEN
outtemp •= 121 
- 2
i :x- if
GOTC cent:
END IF
END IF 
u. t 3M p :
IF =2 (_cu. .-r *. 3. .) - a2 (count* - 1. 2. 1) ( 0 THE!-: e.l \ 
*.) = eEmauor
IF 32 (count/*. 3. i; < r?2ma:<er — 200 -'HEN 
outt :-mc - .12 
SOTO cont:
END IF
APPENDIX B (cont.)
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. c'U = £ TO 3
S' ‘// . -•
/&  <c?C) = - (o ut te m p  *  m<c*X>) +  b <c?C> vV
d = d (c%)
I F  o u t t e m p  < SO THEN d = 0 ■ •
6 0 0 £ 0  XH’X = INT (d /  £ 5 6 )  ’ work o ut  h igh,  b y t e  »
6 0 0 3 0  XL*  = d -  £56 *  XH’/  ’ rema in der '  = low b y t e  :
OUT a d d r  + ' ( c *  *  £ ) ,  XL *  ’ w r i t e  low b y t e  t o  D / A  * '£ & & &  -fr
6 0 0 5 0  OUT* a d d r  + <c*  *  2> + 1, XH* ’ w r i t e  h i g h  b y t ^ & l o a d V / A
NEXT c *  
rro. c o n t : ;v
END SUB
APPENDIX C
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REM
REM — — —
SUB TEMPOUT 
REM = = = = = = =
REM
REM t h i s  s u b r o u t in e  d e te r m in e s  th e  l o g i c  t h a t  w i l l  a l lo w  th e  FDEMS
REM s e n s o r  t o  c o n t r o l  th e  te m p e r a tu r e  o u tp u t
REM
REM
REM
I F  i n t e r r u p t s  =  
I F  SET -  1 THEN
"Y "  OR i n t e r r u p t s  -  " y "  THEN GOTO n o .c o n t :  
GOTO f i r s t . r u l e :
I F  SET - 2 THEN GOTO h ig h .t e m p :
I F  SET - 3 THEN GOTO s k ip :
I F  SET - 4 THEN GOTO w a i t . t e m p :
I F  SET - 5 THEN GOTO s e t . t i m e :
I F  SET m 6 THEN GOTO h a l t . r u n :
I F  SET = 7 THEN GOTO s t o p . r u n :
I F  SET < 1 THEN 
I F  te m p (c o u n ts ,  1 )  < 
o u tte m p  = 100
c 70 THEN ' i n i t i a l  ram p t o  s t a r t  r e s in
GOTO c o n t :
END IF
I F  te m p (c o u n ts ,  1 ) > 7 0  THEN 
o u tte m p  = 100  
SET =» 1 
GOTO c o n t :
END IF
END IF
f i r s t . r u l e :
I F  SET =* 1 THEN
I F  w etS  < 4 THEN
I F  e 2 (c o u n t% , 5 ,  2 )  > 3 .1 8  THEN wet% = w e ts  +• 1 'd e t e c t s  w e t -o u t  o f  seco n d
I F  e 2 ( c o u n t s ,  5 ,  2) < 3 .1 8  THEN wet% = 0 's e n s o r
END IF
I F  wet% = 4 THEN 's e t s  o u tte m p  a f t e r  w e t - o u t  h as  been  v e r i f i e d
o u tte m p  = 125 'b y  fo u r  c o n s e c u t iv e  r e a d in g s
SET = 2 
GOTO c o n t :
END- IF
I F  e 2 ( c o u n t s , 2 , 1 ) -  e 2 (c o u n tS  -  1 , 2 ,  1 ) < 0 THEN f la g s  =* f la g s  + 1 'd e te r m in  
I F  f la g S  < 4 THEN ' t h e  m ax. o f  e " d u r in g  th e  100 C h
IF  e 2 (c o u n t s ,  2 ,  1 ) -  e 2 (c o u n ts  -  1 ,  2 ,  1 ) > 0  THEN f la g S  = 0
o u tte m p  =* 10 0  
GOTO c o n t :
END I F
I F  f la g S  -  4 THEN r a m p s t a r t  -  r u n . t im e ( c o u n t s , l f 1 )
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APPENDIX C (cont.)
I F  f la g %  > 4 THEN
o u tte m p  *  100 +  ( ( r u n . t im e ( c o u n t s ,  1 ,  1 )  -  r a m p s t a r t )  /  1 2 0 ) ' t h i s  
I F  o u tte m p  > 1 2 5  THEN 'o u tte m p s  a s lo w  ram p t o  1 2 1 ,
o u tte m p  =» 1 2 5  'a s s u m in g  s e n s o r  2 h a s  n o t  w e t -o u t
SET = 2 
END I F  
GOTO c o n t :
END I F
END I F  
h ig h . t e m p :
. IF  SET -  2 THEN
I F  add% < 4 THEN
I F  e 2 (  c o u n t% , 5 ,  1 )  -  e 2 (  c o u n ts  -  1 ,  5 ,  1 )  < 0  THEN add% «* adds +  1 
I F  e 2 (c o u n t s ,  5 ,  1 )  -  e 2 (c o u n ts  -  1 ,  5 ,  1 )  > 0 THEN add% -  0 
o u tte m p  =■ 125  
GOTO c o n t :
END I F  '
I F  addS =  4 THEN
e2m ax =  e 2 (c o u n ts  -  4 ,  5 ,  1 )  
o u tte m p  = 125 
SET = 3 
GOTO c o n t :
END I F
END I F
s k ip :
I F  SET => 3 THEN
IF  m arkS < 3 THEN
I F  e 2 (c o u n t s ,  5 ,  1 ) < (e 2m a x  /  2 ) THEN 
o u tte m p  = 12 5
h i g h r a m p .s t a r t  = r u n . t im e ( c o u n t s ,  1 ,  1 )  
m arkS  =  3 
GOTO c o n t :
END I F  
END IF
I F  m arkS = 3 THEN
o u tte m p  = 125 + ( ( r u n .  t im e ( c o u n ts , 1 ,  1 )
I F  o u tte m p  > 1 8 5  THEN 
o u tte m p  = 1 8 5  
m arkS  =  4 
END IF  
GOTO c o n t :
END I F
I F  m arkS > 3 THEN 
o u tte m p  = 185 
SET = 4 
GOTO c o n t :
END IF
END I F
w a i t . t e m p :
-  h i g h r a m p .s t a r t )  /  3 0 ) ' t h i s  
'o u tte m p s  a ram p to  177 a t  2 C /m in
' t h i s  i s  w h e re  th e  e "  max i s  d e f in e d  
'd u r in g  th e  12 1  C h o ld
APPENDIX C (cont.)
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I F  SET -  4 THEN
I F  te m p (c o u n t% , 1 )  > 1 7 0  THEN 
o u tte m p  = 1 8 5  
SET = 5 
GOTO c o n t :
END IF  
END I F
s e t . t i m e :  ' t h i s  s e c t io n  s e ts  th e  t im e  a t  w h ic h  t h e
I F  SET = 5 THEN '1 7 7  h o ld  b e g in s
s to p tim e %  =  r u n . t i m e ( c o u n t%, 1 ,  1 )  
o u tte m p  =  185  
SET = 6 
GOTO c o n t :
END I F
h a l t . r u n :
I F  SET = 6 THEN
I F  (7 2 0 0  + s to p t im e % ) < r u n . t im e ( n u m b .c y c le s * ,  1 ,  1 )  THEN SET »  7 
I F  r u n . t im e (c o u n t% ,  1 ,  1 )  > (1 2 0 0  +  s to p t im e % ) THEN 
I F  shutdown%  < 4 THEN
I F  A B S (( ( (e 2 (c o u n t% , 5 ,  1 )  -  e 2 (c o u n t%  -  2 ,  5 ,  1 ) )  /  ( r u n . t im e ( c o u n t% , 1 
I F  A B S (( ( ( e 2 ( c o u n t %, 5 ,  1 )  -  e 2 (c o u n t%  -  2 ,  5 ,  1 ) )  /  ( r u n . t im e (c o u n t% ,  1 
o u tte m p  = 185  
GOTO c o n t :
END I F
I F  sh u td o w n % =  4 THEN SET =  7 
END I F  
END I F
s t o p . r u n :
I F  SET =* 7 THEN 
o u tte m p  = 0 
GOTO c o n t :
END IF
c o n t :
P R IN T  " O u tte m p = " ; o u tte m p ; "e 2 m a x = n ; e2m ax; " s e t = " ;  gE T; 
W RITE / l ,  o u tte m p
a d d r  = 7 6 8  
b ( 2 ) -  -1 3 0 0  
b ( 3 )  = -1 6 9 5  
m( 2 )  =  1 7 .5 4  
m ( 3) = 20!
FOR c% = 2 TO 3
d (c % ) = (o u tte m p  *  m (c% )) +  b (c % ) 
d  = d (c% )
I F  o u tte m p  < 8 0  THEN d = 0
6 0 0 2 0  XH* = IN T (d  /  2 5 6 )  
6 0 0 3 0  X L t = d -  256 * XH%
'w o r k  o u t  h ig h  b y te  
'r e m a in d e r  = lo w  b y te
APPENDIX C (cont.)
OUT a d d r  (c% *  2 ) ,  XL% ' w r i t e  lo w  b y te  t o  D /A
60 050  OUT a d d r  + (c% *  2 )  +  1 ,  XH% ' w r i t e  h ig h  b y te  & lo a d  D /A
NEXT C% 
n o .c o n t :
END SUB
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